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Abstract The content of many nutrients in breast milk are
dependent on the nutritional status of the lactating woman.
This is particularly true for fat and water-soluble vitamins,
some of which have antioxidant properties. The aim of the
study entertained herein was to evaluate the changes in total
antioxidant status of human milk during the Wrst 4 months
of lactation, and to correlate such changes with the contents
in speciWc antioxidant oligoelements (Cu, Zn, Mn and Se).
Milk samples were collected from (31) lactating women
recruited at the Service of Obstetrics of the Hospital de São
João in Porto, after 1, 4, 8, 12 and 16 weeks after birth. The
total antioxidant status (TAS) of human milk was measured
by the Randox® commercial kit and trace metals by ICP-
MS (inductively coupled plasma-mass spectrometry). The
results found for TAS and oligoelements under study show
a decrease in the concentration of these parameters from
7 days to 4 months of breast-feeding and signiWcant corre-
lations (p < 0.05) were found between TAS and Cu, Zn and
Se (not Mn). The decreases of Cu, Zn and Se were also cor-
related, but not proportional between them, suggesting
diverse excretion mechanisms for all. Between primipara
and multipara women, a signiWcant diVerence was found
only for Cu and Zn concentrations at 7 days of lactation,
but not for the other metals or TAS. With respect to the
mother’s age, no correlation was found, either for trace
metal concentrations or TAS.
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Introduction
Human milk (HM) is the Wrst food human babies encounter
and serves as the sole source of all nutrients required for the
biological functions, growth and development during the
early stages of life [1, 2], being the most perfect and natural
food for newborn babies. Breast milk (BM) from healthy
women contains all the necessary nutrients for newborn
infants and also a variety of growth and immune factors,
together with many other components that protects them [1–
3]. Amongst these, BM contains a plethora of antioxidant
molecules that can help prevent oxidative stress situations,
oVering a vital antioxidant protection to the newborn at the
early stages of life [4]. The protection aVorded by BM is due
to a complex system of host defense factors that are distinct
from those of other mammalian milks [5, 6]. The process of
childbirth is accompanied by an increase in oxidative stress,
as birth is, in itself, a hyperoxic challenge, and so antioxi-
dants are indeed a vital component in the diet of the
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in HM is not known, but vitamins C, E, and A, -tocopherol,
lactoferrin, lactoperoxidase, cysteine, ascorbate and carote-
noids have been found [1–3, 5], together with antioxidant
enzymes such as glutathione peroxidase (GPx), catalase and
superoxide dismutase (SOD) [1, 7, 8]. Oxidative stress tends
to occur during the neonatal period because the younger the
gestational age, the lower the total antioxidant status (TAS),
which results in an increase in free radicals (FR) and reac-
tive oxygen species (ROS) [4, 5, 8–10]. In adults, there is
increasing evidence that these radicals are related to risk for
cancer, coronary artery disease, cataracts, and to the func-
tion of the immune system [11–13], and in premature or
malnourished infants may be involved in diseases of the
eyes, lungs and brain [1, 4, 14–18]. Antioxidants are beneWc
because they neutralize ROS and FR [1], thereby preventing
these oxidizing agents from reacting with otherwise stable
constituents in the body to cause cellular damage. Such anti-
oxidant system involves not only a variety of biomolecules
such as enzymes, but also some trace elements (e.g. Cu, Zn,
Mn and Se). Therefore, the maternal supply of antioxidant
vitamins during lactation may provide a defense mechanism
to reduce oxidative stress [19]. The TAS is a parameter
characterizing the sum of the activities of all antioxidants
present in human BM [20, 21].
The concentration of many trace elements changes as
lactation progresses (the more signiWcant variations occur
in the passage from transition milk to mature milk) but milk
composition also varies between women [22, 23]. There is
extensive literature on the longitudinal variations of trace
elements concentration in mature HM [24–26]. Some trace
elements (e.g. Cu, Zn, Mn and Se), which can act as redox
catalysts, form part of the active site or are cofactors of
antioxidant enzymes [7, 22, 23, 27, 28], can act as antioxi-
dants. Cu is a transition metal, playing a role as cofactor in
the transcription of Cu/Zn superoxide-dismutase (Cu/Zn-
SOD) and, therefore, a diet poor in Cu signiWcantly reduces
the expression of Cu/Zn-SOD in human tissues [7, 29]. Cu
itself can act as a mediator for oxidative stress, catalyzing
the decomposition of hydroperoxide to form FR [7].
Zn has not such an evident eVect on the expression of Cu/
Zn-SOD, but apparently plays an indirect role as antioxidant
[7, 30, 31], and there are several essential enzymes regulated
or activated by Zn [22, 32, 33]. Zn is an essential trace ele-
ment, especially for newborns. Despite that BM contains
lower concentrations of Zn compared to industrial formulæ,
breast-fed newborns often display a more suitable and bal-
anced Zn status compared to non-breast-fed ones [22, 33–36].
Mn is a trace element known to activate many enzymes
involved in metabolic processes, being the key element at
the active site in many Mn-enzymes. Mn is one of the key
elements for enzymes in energy production and increases
the level of antioxidant protection, especially in mitochon-
drial Mn-SOD [33]. Mn is involved in utilization of vita-
mins B1 and E, and it is required for normal bone growth or
for avoiding clotting defects [33].
Se is an essential trace element for humans and suYcient
Se supply can protect against several heart diseases and
provides a certain level of protection against cancer [33,
36]. The detoxifying eVects of Se are vastly proven and
described widely in the literature [37–39]. Se is an integral
part of the GPx enzyme [39] that protects against oxidative
damage, and as a component of the active site of this
enzyme selenium plays a role in antioxidant reactions [7,
37, 39]. Se-deWciency is most critical for the brain and
growth of infants [37, 40]. Newborns initially show serum
Se levels of around 80 g/L [41] or slightly decreased (50–
60 g/L) ones [42]. Furthermore, the total Se concentration
in BM decreases from colostrum (20–80 g/L) [43] to
mature milk to a range of 5–18 g/L [43].
It has been reported that early breast-feeding is impor-
tant in a number of respects, including the fact that the ear-
lier breast-feeding begins, the lower mortality is [44]. The
aim of the study entertained herein was to prospectively
follow the changes in TAS of HM during the Wrst 4 months
of lactation, and to correlate such changes with the contents
in speciWc antioxidant oligoelements (Cu, Zn, Mn and Se),
in order to assess the role of such elements is the TAS
throughout the lactation.
Materials and methods
Subjects
Recruiting of lactating women took place at the Service of
Obstetrics of Hospital de São João in Porto, Portugal.
Regarding the mothers, the criteria for inclusion in the
study were (i) to have a watched over gestation, (ii) to have
decided to breast-feed the baby and (iii) to live in Porto,
while the criteria for exclusion were (i) to have a pathology
preventing breast-feeding (tumor, HIV carrier, hepatitis B
or C carrier) and (ii) to be under pharmacological therapy
preventing breast-feeding. Regarding the babies, the crite-
ria for inclusion in the study were (i) to have an adequate
weight to the gestational age, (ii) to be a term newborn
(gestation equal or higher than 37 weeks), and (iii) to be fed
exclusively or at least partially with mother milk until
4 months of age, while the criteria for exclusion were (i)
being a premature newborn, (ii) having pathologies or inter-
currences preventing breast-feeding or that interfere with
normal growth (neurological and metabolic diseases, poly-
malformative syndromes, congenit cardiopathies, or others
preventing breast-feeding), and (iii) being term newborns
but possessing inadequate weight (both low or higher) for
the gestational age.123
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sent to participate in the study after explanation of the pro-
cedures, but only 31 completed the study. The age of the
women that entered the study ranged between 21 and
39 years old, with an average (and standard deviation) of
30.9 § 3.9 years old. All infants were fully breast-fed on
demand for 4 months. All 31 mothers maintained their own
breast-feeding patterns throughout the entire time frame of
study. All procedures were duly approved by the Hospital
Ethical Committee.
Milk samples
Breast milk samples were collected by either breast pump
or hand expression, before and after each feed, from each
breast, over a 24 h period. Samples were collected after 1,
4, 8, 12 and 16 weeks of giving birth. On a particular day,
milk samples (5 mL before and 5 mL after each feeding,
from each breast, throughout the day; approximately
100 mL were collected each day) were collected to sterile
and trace metals free plastic containers several times during
that day, kept refrigerated at 4 °C and pooled together to
produce a milk sample for analysis. Therefore, each HM
sample produced was in fact representative of the average
milk composition of that particular day. Samples were
homogenized and were initially stored in a household
freezer for a maximum of 24 h and then transported on ice
to the laboratory, where they were stored at ¡80 °C until
analysis. Milk samples were thawed and vortexed until
homogenization prior to analysis.
Total antioxidant status analysis
The TAS was determined in the present research eVort
using the Randox® assay, which is based on the method of
Miller and coworkers [21], by measuring the collective
activity of all antioxidants in the BM sample (5 L) by the
2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radi-
cal cation (ABTS·+) assay (Randox® commercial kit). This
method is based on the ability of antioxidant molecules to
quench the long-lived 2,2-azinobis(3-ethylbenzothiazo-
line-6-sulfonic acid) radical cation (ABTS·+) a blue-green
chromophore with characteristic absorption at 600 nm, in
comparison to that of Trolox, a water-soluble vitamin E
analogue, used as a standard for calibration. Results are
expressed in mmol/L of Trolox equivalents.
Determination of trace metals by ICP-MS (inductively 
coupled plasma-mass spectrometry)
In the preparation of all solutions, ultrapure water (resistiv-
ity higher than 18 Mcm) obtained through a Milli-QTM
system (Millipore; Billerica, MA, USA) was used. All
reagents used were of analytical grade or better, except for
nitric acid, which was of Suprapur® grade (Merck, Darms-
tadt, Germany). Special care was taken to avoid contamina-
tion during sample preparation. Adequately acid-washed
plastic materials were used at all times.
Metal determination was performed by using a VG Ele-
mental (Winsford, UK), PlasmaQuad 3 ICP-MS, equipped
with a Meinhard® type A pneumatic concentric nebulizer, a
quartz water cooled impact-bead spray chamber, a standard
quartz tube torch and nickel sample and skimmer cones.
Both the spray chamber and sampling interface were cooled
down to 10 °C by circulating water. All samples, after ade-
quate dilution, were analyzed twice (two replicates). The
following elemental isotopes (m/z ratios) were monitored:
as analytical masses 55Mn, 65Cu, 66Zn, 82Se and as internal
standards 45Sc, 89Y, 115In, 159Tb and 209Bi. 83Kr and 77ArCl
were also monitored to correct instrumental isobaric inter-
ferences. The instrument was tuned daily for maximum sig-
nal sensitivity and stability using 115In as the target isotope.
Samples for Cu and Zn determination were diluted
(1:50) with a 2% (v/v) HNO3 and 0.01% (v/v) Triton X-100
solution prior to analysis. Samples for Mn and Se were ana-
lyzed after microwave oven (Milestone, model MLS 1200
mega) digestion. For this procedure, 2 g of milk (accurately
weighed) were placed in TeXon vessels, added with 1 mL
of 65% HNO3 (Suprapur, Merck) and 1 mL of 30% H2O2
(pro analysis, Merck, Darmstadt, Germany) and digested
according to the following programme (min/W): step 1 (1/
250); step 2 (2/0); step 3 (5/250); step 4 (5/400); step 5 (5/
600). After cooling (ca. 30 min), the digestion solutions
were transferred into a 10 mL volumetric Xask and diluted
with ultrapure water (Milli-Q, Millipore).
ICP-MS calibration solutions were prepared by dilution
of a commercial multi-element aqueous solution (Accu-
Trace™ Reference Standard, Calibration Standard 1R,
AccuStandard Inc., CT, EUA) 10 g/mL (in 2% HNO3),
except Se (50 g/mL), using 2% (v/v) HNO3 and 0.01% (v/
v) Triton X-100 solution. Internal standards were added to
the diluting solutions via dilution of a commercial aqueous
solution (AccuTrace™ Reference Standard, Internal Stan-
dard #1, AccuStandard Inc., CT, EUA), containing 5 com-
ponents (Bi, In, Sc, Tb, Y) in a concentration of 100 g/mL
(in 2% HNO3) in order to attain a Wnal concentration of
50 g/L. Because the levels of Zn and Cu were much
higher than those of the other elements analyzed, their con-
centrations in the calibration solutions (prepared as
described above) was increased via addition of a commer-
cial standard stock solution of each element (Cu Standard
Solution 1,000 mg/L, BDH SpectrosoL®, Poole, England;
Zn Standard Solution 1,000 mg/L, Merck, Darmstadt,
Germany).123
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A thorough statistical analysis was performed to the experi-
mental data gathered, using the software package Statistical
Package for Social Sciences (SPSS) version 15.0 for Win-
dows (SPSS Inc., Chicago, IL, USA). Normal distribution
was assessed via the Kolmogorov–Smirnov test. For each
group, means within time were compared by using a paired
samples t test. Correlations between means were assessed
by Pearson’s correlation analyses of ranks. Statistical sig-
niWcance was set at p < 0.05.
Results
All variables under scrutiny were found to follow a normal
distribution (p < 0.05), following application of the Kol-
mogorov - Smirnov test. The results obtained, together with
descriptive statistics for TAS, Cu, Zn, Se and Mn are sum-
marized in Table 1.
The results obtained clearly show a decrease tendency
for all the parameters under study (TAS, Cu, Zn, Se and
Mn), as can be observed in Figs. 1 and 2a–d.
In the case of TAS (see Fig. 1), a signiWcant diVerence
(p < 0.001) is observed between the results obtained for
BM after 7 days and 4 weeks of lactation, but not for the
subsequent collection times. For Cu and Se (see Figs. 2a,
b), signiWcant diVerence (p < 0.001) was found until the 8th
week post-partum, while for Zn (see Fig. 2c) a signiWcant
diVerence (p < 0.001) is observed until the 12th week of
lactation. In the case of Mn (see Fig. 2d) there appears to be
a drop in the concentration of this metal at the 8th week,
and again at 16th week of lactation (signiWcant diVerences
(p < 0.001) found between the 4th and 8th, and the 12th
and 16 weeks).
Results were analyzed as a function of age and parity
of women. No statistically signiWcant diVerences were
observed between mothers older and younger than
30 years. With respect to parity, primipara women show
statistically diVerent (increased) (p < 0.01) amounts of Cu
and Zn in milk at 7 days of lactation, but not in subse-
quent lactation periods. No diVerences were found for Se
at any lactation time, but for Mn there appears to be a sta-
tistically meaningful (p < 0.01) increase in primipara
women throughout the entire lactation timeframe under
study.
Table 1 Statistical data pertain-
ing to TAS (data in mmol/L) and 
oligoelements (data in g/kg) in 
(human) breast milk, as a func-
tion of lactation time
Time Mean Std. deviation Median Min. Max.
TAS 7 days 0.497 0.094 0.480 0.360 0.820
4 weeks 0.399* 0.076 0.420 0.240 0.590
8 weeks 0.423 0.094 0.405 0.260 0.660
12 weeks 0.401 0.089 0.375 0.250 0.590
16 weeks 0.375 0.092 0.370 0.170 0.670
Cu 7 days 529.0 149.6 555.6 236.7 812.6
4 weeks 379.6* 93.7 393.2 214.6 533.0
8 weeks 292.4* 77.0 294.8 139.0 442.1
12 weeks 259.5 94.6 248.8 89.2 503.6
16 weeks 240.7 98.0 253.2 39.9 402.4
Zn 7 days 4010.6 1177.7 3922.0 2073.0 6781.0
4 weeks 2160.6* 589.4 2041.0 1218.0 3655.0
8 weeks 1491.4* 619.5 1423.0 322.1 2956.0
12 weeks 1084.2* 537.2 1065.0 205.7 2195.0
16 weeks 1014.1 461.5 974.6 155.3 2216.0
Mn 7 days 3.73 2.64 2.54 0.47 9.36
4 weeks 3.65 1.99 3.21 0.77 9.46
8 weeks 2.29* 1.13 2.55 0.14 4.39
12 weeks 2.86 1.67 2.62 0.15 5.76
16 weeks 2.44* 1.49 2.47 0.00 5.91
Se 7 days 30.69 9.21 30.26 15.07 54.33
4 weeks 25.47* 7.10 23.36 12.34 39.57
8 weeks 19.95* 6.76 19.92 3.36 31.04
12 weeks 20.16 5.38 18.49 12.47 32.18
16 weeks 19.49 3.58 19.66 14.46 26.37
*Indicates signiWcant diVerences 
from previous (4–8 weeks, for 
example) values (p < 0.01)123
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tions along the lactation period studied, as well as amongst
metals were evaluated. Strong correlations were observed
between TAS and Cu, Zn or Se (Pearsons r = 0.945, 0.964
and 0.948, respectively), and between Cu/Zn, Cu/Se and
Zn/Se (Pearsons r = 0.995, 0.999 and 0.998, respectively).
Discussion
The TAS is a parameter accounting for the sum of the activ-
ities of all antioxidant molecules present in the material
studied, most frequently in blood serum, and is able to
reveal small diVerences much better than the measurement
of single antioxidants [4]. TAS reXects the presence of anti-
oxidant vitamins, enzymatic radical scavenger systems,
unknown antioxidant compounds and various antioxidants
interactions. TAS may be a marker of the antioxidant status
of the body, and may reXect the level of supplementation
with antioxidant vitamins and oxidative stress imposed on
the organism [20].
The median antioxidant concentration of the women BM
ranged from 0.497 (at 7 days of lactation) to 0.375 mmol/L
(at week 16 of lactation), as can be seen in Table 1, which
is in agreement with results previously reported [20]. This
level was signiWcantly lower than the median antioxidant
Fig. 1 Evolution of the total 
antioxidant status (mmol/L) of 
breast milk as a function of lac-
tation week
Fig. 2 Evolution of the concentration (g/kg) of oligoelements in breast milk as a function of lactation week: a Copper; b Selenium; c Zinc; and
d Manganese123
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[3]. However, this can be easily explained by invoking that
these diVerences in antioxidant status of BM is inXuenced
by maternal diet, time of year during which the milk sam-
ples were collected, ethnic group and the geographical area
to which the mother belongs [3]. Comparison of means
(paired samples t test) showed signiWcant diVerences
between the results obtained at 7 days of breast-feeding and
subsequent times. No diVerences were found throughout
mature milk (see Fig. 1). In fact, lipophilic antioxidants
(Coenzyme Q10, carotenoids, vitamin A and -tocopherol)
show a tendency to decrease during early lactation times
[19], and can contribute to the observed pattern. The need
to attenuate the birth-related oxidative stress (rapid increase
of alveolar pO2 and other physiologic processes involved in
delivery) [2] explains the higher antioxidant requirements
in the Wrst weeks of lactation.
Copper and zinc are, besides iron, the two most exten-
sively studied elements of BM. The results obtained in our
study are in close agreement with literature data, displaying
mean values in HM ranging from 0.16 to 5.7 mg/L for Cu
and from 0.5 to 53 mg/L for Zn [28]. Results for Se and Mn
are also agree with data reported in the literature, that range
from 3 to 40 g/L for Mn [45] and from 7.6 to 77.9 g/L in
the case of Se [37]. Our results are expressed in g/kg,
roughly, g/L. The Cu, Zn, Se and Mn concentrations
determined in the research entertained herein are similar to
the values reported by other researchers [28, 37, 46–48].
As noted by other authors, the results obtained for metal
concentrations are aVected by strong standard deviations. In
fact, large individual diVerences in the excretion of Cu and
Zn through HM were also observed by Rodriguez and co-
workers [28]. Whether these diVerences are or not related to
the nutritional status of lactating mothers is still controver-
sial [28].
The results obtained in our study show that the mean
concentrations of all metals studied decrease throughout the
lactation period under scrutiny, which can be related to
nutritional requirements in early stages of life. Other
researchers also described a decline for Zn, Cu, Se and Mn
excretion through lactation period [28, 37, 38, 47]. It is well
known that the initial level of metals decline gradually dur-
ing the lactation period, due to the lower protein and fat
contents in transitory and mature milk [36]. Most of the
zinc and copper are bound to the protein fraction [22, 49],
while Mn and Se are distributed between proteic and non-
proteic fractions [33, 46]. The observed Zn, Cu and Mn
decrease with lactation time is probably due to the decreas-
ing concentrations of proteins to which they are bound in
BM [36].
Dorea [22, 49] described that the lactation time is the
main factor that had inXuence upon Zn and Cu concentra-
tions on HM. Zn is determinant for the baby growth rate,
and its requirements are inversely proportional to newborns
age [22]. As Zn requirements decrease as the infant grows,
the decline in Zn concentrations in HM as lactation pro-
gresses does not inevitably result in a suboptimal Zn intake,
but can represent a control mechanism by the mammary
gland, which meets infant needs without imposing an
unnecessary burden on maternal Zn status [50].
A signiWcant correlation between TAS and metal con-
centrations was established for Cu, Zn and Se, which can
corroborate the role of these elements in the antioxidant
defense system. Mn does not appear to have such an impor-
tant role in that system. SigniWcant correlations were also
observed between the metal concentrations throughout the
entire lactation period under study, except for Mn, indica-
tive that Cu, Zn and Se can present a similar behavior in
HM. Such correlations are insuYciently described in the lit-
erature until now, and further studies can enlighten the
excretion mechanisms for these elements.
Additionally, the ratios between TAS and the oligoele-
ments analyzed, as well as between the later, are not con-
stant, suggesting that the decrease observed in the
parameters is not a consequence of a simple dilution of the
milk throughout the lactation. In fact, secretion of Zn and
Cu seems not to be the result of simple diVusion, but of
active transport through the mammary gland [51]. In a
recent study, Kelleher and Lönnerdal [29] addressed the
molecular processes through which the mammary gland
regulates milk trace mineral transport. The utilization of
rodent models to determine changes in mammary gland Zn
and Cu transporter expression and localization that occur
throughout lactation clearly demonstrated that the concen-
trations of these oligoelements are regulated temporally
through coordinated changes in gene expression, protein
levels and localization of mineral-speciWc transporters. No
similar studies were found for Se, but the results described
in the present paper can point for further investigations in
this Weld.
Factors such as women age and number of previous
childbirths have been widely described in the literature, as
inXuencing Zn concentration in HM. Higher levels of Zn
and Cu were found in younger mothers and in primipara
[32]. Our results show a signiWcant diVerence for Cu and
Zn concentrations between primipara when compared to
women with previous children, but only for samples col-
lected at 7 days of breast-feeding. No diVerences were
observed for later stages of lactation. In the case of Mn, we
found continuous signiWcant higher levels in primipara
throughout the course of lactation. In the case of Se, no
diVerences were found relative to the number of previous
children.
With respect to the mothers age, no correlation was
found whatsoever, either for trace metal concentrations or
TAS. These results are consistent with the Wndings of123
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related diVerences for Cu, Zn and Mn concentrations when
the women studied were pooled into two age groups,
namely under and over 30 years.
Conclusion
SigniWcant correlations were found between TAS and Cu,
Zn and Se (not Mn), suggesting some involvement of these
trace metals in the antioxidant status of BM. The decreases
of Cu, Zn and Se were also correlated, but not proportional
between them, suggesting diverse excretion mechanisms
for all.
The Wndings presented in the present research eVort
clearly will have a potential impact in the design of baby
foods, by allowing production of a tailor-made milk
replacer according to the age of the (suckling) baby. Also,
positive implications for the mothers without milk produc-
tion can be foreseen, since their babies could have an ade-
quate “milk” replacer with the same composition variations
as real human milk.
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